Abstract-In this paper, the problem of control performance analysis with decay rate of networked control system (NCS) with uncertain time delays and packet dropouts is studied, and the stabilization controller is designed to deal with the network induced issues. Gridding approach is introduced to transform the time-varying NCS model into a discrete switched linear system with finite switching rules. Sufficient conditions are given for asymptotical stability and exponential stability of proposed NCS model and state feedback controller is designed via linear matrix inequality (LMI) approach. The bound of decay rate of the system is obtained by solving a LMI optimization problem. Illustrative examples are presented to demonstrate the effectiveness of the proposed method and control performance with decay rate is analyzed based on the simulation results.
INTRODUCTION
Recent advances in network technology have been applied to distributed control system, whose feedback loop is closed through a real-time network, which is termed networked control system (NCS). NCS is distributed control systems in which the communication between sensor nodes, actuator nodes and controller nodes via a shared band communication network [1] [2] [3] . The benefits of NCS are low installation cost, reduced wiring, easy maintenance and diagnosis, and so on. Examples of NCS are available in manufacturing systems, aircraft systems, teleoperation of robots, etc. In spite of the great advantages that the NCS brings, network induced delays and data packet dropout may be inevitable during transmission of digital data between control devices. These factors degrade a system's performance and possibly cause system instability [4] .
How to solve the network induced issues of random time delay and packet dropout to guarantee the system stability and performance is the hot research point in literature. Research on NCS has achieved a significant amount of results [5] , and different models are developed for NCS to study stability criteria or stabilizing controller design. NCS with data dropout is modeled as asynchronous dynamical systems in [6] . An iterative approach is proposed to model networked control linear system with arbitrary but finite data packet dropout as switched linear systems in [7] . Optimal gain is calculated by modeling NCS as a switched system in [8] .
However, these publications are only proposing the stability criteria that guarantee the system stability and related stabilizing controller design. Measures of system stability performance have not mentioned, which quantizes the effectiveness of stabilizing controller. To the best of the authors' knowledge, the problem of stability criteria with decay rate and the performance related stabilizing controller of the NCS have not been fully investigated to date. This paper will proposed a novel method to investigate stability and control design problems with performance analysis for networked control systems with random time delays and packet dropouts.
The effect of networked induced delay on closed control loop is the most serious challenge in NCS. Researchers always make some assumptions before addressing this tough issue. Time delays have been assumed to be bounded by one sampling period in [9] , a constant delay in, an independent random delay [10] , and a delay with known stochastic distribution governed by the Markov chain model [11] . To consider uncertain time delays naturally without assumptions, an active timevarying sampling method is proposed in this paper to make sure time delay always less than one sampling period. Linear matrix inequality (LMI) method is adopted for controller design to guarantee the stability of the closed-loop networked control system with uncertain time delays and packet dropouts. A "gridding" approach [12] is introduced to convert the time varying discrete system into a switched linear system. For discrete-time switched linear systems, there are many discussions on stability and stabilization [13] [14] A and B are constant matrices of appropriate dimensions.
To design a network controller for NCS, time delays and packet dropouts should be taken into account. If constant sampling period is adopted, time delays may be less or greater than one sampling period which will make NCS modeling more complicated. In the following, the sampling period will be set time varying to make sure time delay is less than one sampling period. In order to achieve this goal, sensor is assumed both time-driven and eventdriven. Actuator and controller are event-driven. Suppose time axis is partitioned into equidistant small intervals and the length of each interval is l . Define T , the actuator will be updated by the signal and the sensor will be driven to do the next sampling, which is called an effective sampling instant because the signal at this sampling instant is successfully transmitted from sensor to actuator, such as 1 s and 2 s marked in Fig. 1 ; if the signal sampled at time k s has not arrived before the maximal allowable updating time max k sT  , which means the total transmission delay is out of max T , the signal will be discarded and the sensor will adopt time-driven mode, such as 3 s marked in Fig.1 ; if packet dropout happened to the sampled signal, which can be seen as a long delay packet, the time-driven mode will adopted by sensor to do the next sampling, such as 6 s marked in Fig. 1 . Based on the selection principle of sampling instant proposed above, the time delay between sensor and actuator is ensured to be less than one sampling interval. Suppose k h as the length of interval between two successive effective sampling instants k i and 1 k i  , thus, the discrete time representation of (1) can be described as follows
where
Let us introduce a new augmented state
. Therefore, from (3) and (4), we can get the following augmented closed-loop system
It is important to note that k i in (6) refers to the effective sampling instant. Only packets sampled at that instant successfully transmits from sensor to actuator. Since time varying sampling principle is adopted based on (2), ZOH will be updated only once between two effective sampling instants by control signal. Thus, during any sampling interval, only two control signals will be acted on the plant:
Time delays and packet dropouts are dealt with in a more natural way without any assumptions and limitations. Since the behavior of ZOH and the time varying sampling principle, the original random delays are transformed to a relative determinate delay which is always less than one 6 sampling period. Packet dropouts can be seen as an infinite long time delay.
It can be seen that the newly generated augmented model is a discrete switched linear system with infinite switching rules. Therefore, the problem of stabilizing control for NCS is changed into the stabilization problem of discrete switched linear system.
III. ASYMPTOTICAL STABILITY ANALYSIS AND CONTROLLER DESIGN
Based on the selection principle of sampling instants proposed in section II, it can be supposed that as soon as the packet reaches actuator, the next sampling event is driven at sensor. Therefore, k  takes value from a finite set 
where k d was defined as the number of dropped packet between two successive effective updating instants.
Thus, (5) can be viewed as a discrete switched system with the particularity that the switching rule defined by k  in (5) which is not known a priori but its instantaneous value is available in real time. However, the total number of switching rules is finite and the value is max *( 1) Nd  . Let us define a compact set I where switching rules of (5) lie in, then we can get ( 1) ( )
According to the Schur complement formula, (15) 
And notice that   ,0
Then replacing related item in (24) by (26) ( 1) ( ) 
By the result of theorem 1in [15] , we can come to the conclusion that the closed-loop NCS (5) is exponentially stable with a decay rate 
. This completes the proof.
V. NUMERICAL EXAMPLE
In this section, numerical examples will be given to demonstrate the effectiveness of the proposed methods for stabilizing NCS with uncertain time delays and packet dropouts, the bound of decay rate will be found by solving the LMI optimal problem, stability performance with decay rate will be analyzed based on the simulation results.
Consider the following plant model: In the next example, we will discuss how the decay rate impacts the stabilizing performance of NCS. 3 shows the stabilizing performance of the system with different decay rate. We can see that decay rate determines the setting time of the output trajectory towards constant value which is the system stable state. The larger the decay rate is, the shorter time the system needs to reach the stable state with better stabilizing performance.
Stabilizing control law obtained in example A) can only guarantees NCS to be asymptotically stable, while, The stabilizing performance of control law for NCS can be improved by setting parameter of decay rate in example B. 
VI. CONCLUSIONS
In this paper, a novel active time varying sampling period strategy is proposed to investigate stability and control design problems with performance analysis for networked control systems.
This method makes sure the time delay between sensor and actuator is always less than one sampling interval, which simplifies the modeling of NCS with uncertain time delays and packet dropouts. An augmented state vector is introduced to successfully convert NCS into a discrete switched linear system. Sufficient conditions for asymptotical stability and exponential stability of proposed NCS model are given. To solve the LMIs for obtaining feedback gains and the bound of decay rate, the "gridding approach" is adopted to guarantee LMI set up for a discrete switched system with finite switching rules. Numerical examples illustrate the effectiveness of the proposed strategy for the asymptotical stabilizing and exponential stabilizing controller over NCS, finally the control performance with decay rate is analyzed based on the simulation results.
